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Src Homology 3 domains are found ubiquitously throughout the known proteome. 
Because they have no catalytic activity and are able to bind specific peptide sequences 
containing a PXXP motif, they are thought to be used generally as coupling domains. While 
the significance of some SH3 mediated protein interactions may be slight, others have a 
great deal of importance. Namely, SH3 domains are thought to be responsible for binding 
mechanisms involved in regulating activity in some enzymes. The Tec family of protein 
tyrosine kinases each contain a single SH3 domain. Additionally, four of the members, Tec, 
Btk, Itk and Rlk include at least one polyproline peptide sequence known to bind SH3 
domains. We have explored some of the characteristics of the interactions between these 
SH3 domains and their respective proline ligands. Specifically, ligand affinity and ligand 
availability were considered as possible mediating factors in binding. Our data suggests that 
the affinity of a polyproline ligand for its SH3 domain is a maj or factor in determining 
whether the interaction is intra- or intermolecular. Findings presented here lay a foundation 
for future work in probing regulatory mechanisms by SH3 domains. 
1 
INTRODUCTION 
The transduction of chemical signals from the exterior of a cell to the cytosol involves 
a complex network of protein interactions. Although each cell type utilizes unique signaling 
systems, the common theme of a phosphorylation cascade dominates the mechanisms 
involved. Protein tyrosine kinases (PTKs) are essential players in the network of proteins 
that make up most known signaling systems. Examples of PTKs include epidermal growth 
factor and nerve growth factor. Both of these proteins contain receptors on the outer surface 
of the cell as well as a transmembrane domain to transmit the signal to the cell's interior. In 
contrast to this type of protein, non-receptor tyrosine kinases are cytosolic enzymes that do 
not come into direct contact with any extra-cellular signaling moieties. Non-receptor 
tyrosine kinases are further divided into subfamilies based on structural characteristics. The 
Src family is not only the largest, but also the most well understood group ofnon-receptor 
tyrosine kinases (Brown and Cooper 1996). A great deal of study has been invested in 
identifying the structural characteristics of many of its members. The second largest and 
related family, the Tec kinases, have emerged over the last decade. These enzymes have also 
been the subject of intense investigation and are proving to be important players in signaling 
systems. 
The Tec family consists of five proteins: Tec, Btk, Itk, Rlk and Bmx (Mano 1999a, 
b). Although these enzymes can be found in a variety of tissues, they are expressed primarily 
in hematopoietic cells where they are thought to function in signals involved with cell growth 
and differentiation. The most studied member, Btk, when made constitutively inactive is 
responsible for X-linked agammaglobulinemia (XLA) (Tsukada et al. 1993). Patients with 
2 
XLA have decreased populations of mature B-cells and hence reduced immune response. 
Although no other Tec member has yet been implicated in the cause of a disease, it is thought 
that they all play important roles in the development and possibly regulation of their 
respective cells (Mano 1999b). 
Tec kinases have a domain structure that is very similar to that of the Src kinases. 
Figure 1 shows the similarities in domain arrangement between the two families. Among the 
Tec family members there are several important differences. Resting lymphocyte kinase 
(Rlk) is different from other Tec proteins in that it lacks the N-terminal PH and TH domains. 
Instead, it has a unique sequence that contains a string of cystine residues very near the N-
terminus. It has been postulated that the cystine-rich region could be a site for modification 
of the enzyme by the addition of lipids for recruitment to cellular membranes (Debnath et al. 
1999). The major differences between the other family members are confined to their TH 
domains. At the C-terminal end of the TH domain, Tec and Btk contain a pair of peptide 
ligands that bind to the SH3 domain while Itk and Rlk only have one such ligand. Bmx lacks 
the ligand region entirely. The reasons for these subtle, yet significant differences are not 
entirely clear and remain a subj ect of our investigations. 
In contrast to Src, the mechanisms of regulation in Tec family kinases have not been 
fully elucidated. In Figure 2, the crystal structure of Src shows the three-dimensional 
organization of domains. Regulation of this enzyme is initiated by the binding of a 
phosphorylated tyrosine side-chain located on the C-terminal tail to the exposed surface of 
the SH2 domain. Through allosteric effects, the SH3 domain is allowed to bind the linker 
region between the SH2 and kinase domains. This, in turn, causes a conformational change 
in the active site that disallows kinase activity. While the domain organization of Tec 
3 
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Figure 2. The three dimensional crystal structure of Src displays the spatial arrangement of 
domains (Xu et. al. 1997 1 FMK). Regulation is initiated by binding of the phosphorylated 
tyrosine located on the C-terminal tail to the SH2 domain. In turn, the SH3 domain is 
allowed to bind the centrally located linker between the SH2 and kinase domains (shown in 
gray). This causes a conformational shift in the active site that disallows activity. 
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proteins is similar to that of their Src counterparts, Tec kinases lack the C-terminal tail that is 
the key factor in initiating down-regulation. On the other hand, Tec kinases contain at least 
one proline-rich stretch with a motif that is known to bind to SH3 domains. This brings up 
many interesting possibilities for intramolecular binding as well as convenient coupling 
locations for higher order structures. It was recently reported that the SH2 domain of Itk is 
also a binding partner of the SH3 domain (Brazin et al. 2000). The current thought on 
regulation of Tec family members is that kinase activity is controlled by binding interactions 
of the SH2 and SH3 domains. It is possible that the global structure of Tec kinases resembles 
that of their close relative Src, yet regulation is initiated by different mechanisms. Intra- or 
intermolecular binding events between domains could cause conformational shifts in the 
tertiary structure of the enzyme, thus altering the active site to achieve regulatory control. 
Whatever the scenario, it is clear that the SH3 domain must function as an active element in 
enzymatic control. It is the goal of this study to better understand the characteristics of SH3 
domains from the Tec family of kinases in light of their possible role in regulation. 
6 
LITERATURE REVIEW 
SH3 domains were first observed in the late 1980s as a region that had sequence 
similarity in a divergent set of signaling proteins (Mayer et al. 1988; Stahl et al. 1988). 
Since that time, over 1000 unique open reading frames have been found containing at least 
one SH3 domain. SH3 domains typically contain ~60 residues and because of their high 
solubility and stability they are relatively easy to express and purify. No catalytic activity 
has been identified for any SH3 domain; therefore it is assumed that these small globular 
polypeptides are employed by proteins simply for binding interactions. The first binding 
studies done on isolated SH3 domains revealed that in every case, the binding partner 
contained a proline-rich sequence with a core PXXP motif, where X represents any amino 
acid but commonly has a hydrophobic side-chain (Ren et al. 1993). A multitude of studies 
has since been done using alanine screening, phage display, combinatorial chemistry and 
other techniques to find and optimize binding partners to a variety of SH3 domains (Chen et 
al. 1993; Cheadle et al. 1994; Rickles et al. 1994; Alexandropoulos et al. 1995; Bunnell et al. 
1996). 
The binding pocket of an SH3 domain is in reality more than just a simple 
hydrophobic groove on the surface of the protein. The site for ligand interaction is actually 
made up of three small pockets formed by conserved residues (Feng et al. 1995; Morken et 
al. 1998). Most of the highly conserved residues in the SH3 domain are in fact associated 
with the binding region (Yu et al. 1992). 
The reason that the binding surface of an SH3 domain can be so highly conserved is 
found in the nature of its ligand. Peptides containing multiple prolines can form Type II 
7 
helices. This type of secondary structure is aleft-handed helix that has three residues per 
turn (Yu 1994; Musacchio et al. 1994). In the case of SH3 ligands, peptides with a P~:XP 
motif can bind in one of two orientations, depending upon the location of a specificity 
residue. In most cases, the specificity residue has a positively charged side-chain such as 
arginine that interacts with a negatively charged residue in the RT loop. The location of the 
charged side-chain relative to the proline motif determines which binding orientation the 
peptide will assume. The left-handed helix formed by the P~:XP sequence simply provides a 
skeletal framework with necessary bond angles for a ligand to sit in the binding pocket of an 
SH3 domain. A representation of the two binding orientations for a Type II helix on an SH3 
domain is shown in Figure 3. Peptide libraries have consistently demonstrated that ligand 
sequences with higher affinities have hydrophobic residues in the positions shown in red for 
each class of ligand. An amino acid in one of these positions, when paired with a proline, 
will form a flat, hydrophobic surface which fits nicely into one of the two binding pockets 
represented in yellow. 
Because of the ubiquitous nature of SH3 domains, much effort has been put into the 
study of their binding associations. Many of the systems under investigation are far removed 
from the Tec kinases. For this reason, the remainder of this review will be focused 
specifically on the interactions of SH3 domains from Tec family kinases. Because Bmx does 
not have a proline ligand anywhere in its sequence, it will also be excluded from discussion. 
Three-dimensional structures have been solved for several SH3 domains from a 
variety of protein types. From the Tec family specifically, structures of the SH3 domains 
from Btk (Hansson et al. 1998), Itk (Andreotti et al. 1997) and Tec (Pursglove et al. 2002) 
are known. The global structure of the SH3 domain is very much the same regardless of 
8 
Class Class II 
Figure 3. A diagrammatical representation of the binding surface of SH3 domains shows the 
location of the peptide ligand relative to the RT and n-Src loops. Two hydrophobic grooves 
(yellow) allow the peptide to sit on the exposed surface of the SH3 domain while arranged in 
a Type II polyproline helix. Residues shown in red are typically hydrophobic, contributing to 
the affinity of the ligand. Class I ligands contain a specificity residue (green) N-terminal to 
the P~:XP motif while class II ligands have the opposite arrangement but with the same 
spacing relative to the hydrophobic PX peptide bonds. 
9 
what protein it comes from. The central core of an SH3 domain contains two R-sheets 
stacked perpendicular to one another forming a (3-sandwich. The loop region between (3-1 
and (3-2, known as the RT loop, is highly variable in both length and primary sequence. A 
second loop, the n-Src loop, is also a notably variable region. The surface between the RT 
and n-Src loops consists of a patch of exposed hydrophobic residues and makes up the 
binding pocket for proline-rich ligands (see Figure 3). Indeed, it is the variability of the two 
loops surrounding the binding surface that gives each SH3 domain some degree of specificity 
for a particular ligand sequence. 
As mentioned above, structures of SH3 domains have been solved for three of the 
five Tec kinases. The first was a structure of Itk SH3 expressed with its proline ligand (Feng 
et al. 1994). This study showed that the proline ligand of Itk was bound intramolecularly in a 
class I orientation and that there were no intermolecular interactions. Also, in larger protein 
fragments it appeared that the intramolecular interaction inhibited binding of Sam68 and 
Grb-2, cellular binding partners of Itk SH3 and the proline region, respectively. A model 
was proposed in which the enzyme was regulated by the proline ligand interacting 
competitively with the SH3 domain in concert with other possible intramolecular 
interactions. This study was the first attempt to explain regulatory mechanisms through an 
SH3 domain for any of the Tec kinases. 
Breton's Tyrosine Kinase was the next member of the family to have its SH3 
structure solved (Hanson et al. 1998). A short time later, the structure of Btk SH3 was again 
solved, this time with a ligand bound (Tzeng et al. 2000). These structures yielded a good 
deal of information about the protein including many of the differences between itself and 
Itk. Although the two domains have very similar folds, they vary markedly in the RT loop 
10 
and n-Src loop regions. The 12 residue polyproline ligand of Btk was found to bind in the 
expected class I orientation. Btk SH3 was found to have a minor conformational form. The 
investigators proposed that this minor conformation was likely the result of a slow 
reorientation of one or both of the tryptophan rings that sit near the binding pocket. 
Much of the study concerning the binding behavior of Tec family SH3 domains was 
begun with Btk. It was reported that Btk formed dimers when expressed with both of its N-
terminal proline ligands (Hanson et al. 2001). These investigators also gave a brief mention 
to the fact that their data indicated an inteamolecular interaction although a thorough 
investigation of the parameters involved was not done. Details of the interactions were 
published in a later article which demonstrated that the two ligands of Btk both were 
involved in anon-symmetric competitive binding event (Laederach et al. 2002). Namely, the 
most N-terminal proline ligand of Btk can bind inter or intramolecularly while the most C-
terminal ligand is limited to intermolecular interactions only. A model of the system was 
developed in which several monomeric and dimeric species exist in a competitive, dynamic 
equilibrium. 
The last SH3 structure to be solved was that of Tec (Pursglove et al. 2002). Along 
with the structure, the investigators also reported the binding behavior of the SH3 domain 
and its two proline ligands. Although they used different techniques than Laederach, they 
found that the pattern of binding is essentially the same as Btk PrPrSH3. They did not, 
however, present any evidence of anon-symmetric homodimer as was reported for the Btk 
construct. It is feasible that anon-symmetric interaction could be present in Tec, but further 
investigation into the matter is required. 
11 
Figure 4 displays a diagrammatical representation of the binding configurations of 
Tec family SH3 domains with their native ligands. Until this study was undertaken, no 
information was known about the binding properties of Rlk PrSH3. Results presented here 

















a ~.. .., cs, c•~ 
o 
~ ~ ., 
Cl.a ~ 
~~ 









o ~, ~~ 
~° ~, 
~, . ~? 
U a~ 
.~ ~ ° ~ ~ 
.~ ~ a~ ~~ ~ 
,~.~ v ~ ~ ~ 
~A 
'"' 
.~ ~ ~~ 
a~ 
~ ~ 




~' '~^, v3 
~~„ • ~ U 
U 
~ ~ U .~.n ~ ~ 
w t~3 tU 
13 
RESULTS 
HSQC assignments of Rlk SH3 
1H_1sN heteronuclear single quantum coherence (HSQC) spectra are made up of the 
cross-peaks between the 'H and 15N resonances of amide bonds in a polypeptide. Thus, 
peaks evolve in the two-dimensional spectrum only for protons covalently bound to a heavy 
nitrogen. The chemical shift of each peak is highly sensitive to the electronic environment 
surrounding the nucleus; therefore, these spectra are useful for monitoring small changes in 
the tertiary structure of labeled proteins. Peaks in the HSQC of Rlk SH3 were assigned 
according to their primary position by using three-dimensional HSQC-TOCSY and HSQC- 
NOESY spectra (Cavanagh et al. 1996). Figure 5 shows a representative set of slices from 
the aforementioned spectra. The slices show the connectivity that is seen throughout the 
protein by linking amide protons to alpha protons within a residue through the TOCSY 
spectrum and to the preceding residue through the NOESY spectrum. By comparing the two 
spectra, the type of residue can be determined for each HSQC peak as well as the peak 
belonging to its neighboring residue, thus giving the primary sequence of the peptide. In this 
way, assignments were made for the backbone and side-chain amide resonances of the SH3 
domain of Rlk. The spectrum is shown with assigned peaks in Figure 6. Of particular 
interest in the HSQC of this domain is the downfield position of the epsilon amide of 
tryptophan 119. The side-chain of this residue helps to form part of the canonical 
polyproline binding pocket that has been observed in virtually all SH3 domains. This cross- 
peak is a convenient indicator of ligand binding because of its proximity to the bound 
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Figure 5. Two-dimensional slices extracted from the three-dimensional HSQC TUCSY and 
NUESY spectra of Rlk SH3 show the connectivity between residues through alpha protons. 
Blue lines display the subset of peaks in the NOESY which correspond to through-bond 
resonances. Red lines indicate NUE resonance through space between the alpha protons of 
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Figure 6. The assigned HSQC spectra of Rlk SH3 displays the chemical shifts of backbone 
and side-chain amide resonances. Interestingly, the side-chain amides of N 128 is shifted. and 
split far beyond average side-chain resonances. This residue, which sits in the binding 
pocket is likely held in a rigid conformation. 
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This unusual degree of separation is due to the rigid structure of the residue as it is held in 
some static position within the protein. However, without more structural data it is 
impossible to know the full extent of the significance of this observation. 
Analysis of the structure of Rlk SH3 
The Rlk SH3 construct used includes residues P81 through A 143 as well as a glycine and 
serine left on the N-terminus as a product of thrombin cleavage. The ~7.5 kDa protein 
domain is very soluble in aqueous buffer and shows good dispersion of cross-peaks 
indicating a well structured protein. Nearly all other SH3 domains have been shown to be 
strictly monomeric when purified to homogeneity. Evidence of this behavior in Rlk SH3 
includes line-widths of 12.8 Hz to 22.9 Hz as well as a lack of chemical shift perturbation 
throughout the range of NMR concentrations. Both of these observations give us strong 
indications that there is no intermolecular interaction between SH3 domains of Rlk in 
solution. 
Superposition of HSQC spectra of an SH3 domain alone and an SH3 domain with a 
proline ligand bound will show a subset of cross-peaks which shift. The shifting residues 
will map out a binding pocket on the surface of the protein, indicating where the ligand 
interaction takes place. Titrations of peptide ligands into fixed concentrations of SH3 
domains have been done to observe the chemical shift differences between an empty SH3 
domain and a completely filled binding pocket. An HSQC spectrum from every point in the 
titration reveals the average chemical shift of each amide for a given fraction of bound to 
unbound SH3 as a function of peptide concentration. If the system is in fast exchange 
relative to the NMR time-scale, a Kd can easily be extracted as a clear indication of the 
17 
affinity of the ligand for the binding pocket. The same is true for constructs that include an 
attached ligand in addition to the SH3 domain as in the native case; provided an
intermolecular interaction is allowed. 
In the case of Rlk, no three-dimensional structure is available. However, the close 
relatives Itk, Btk and Tec have all had structures of their SH3 domains solved. As one might 
guess based on sequence similarity (see Figure 1) the structure of each is nearly identical to 
the others. In order to establish the similarity of Rlk SH3 to other Tec family SH3 domains, 
a valid comparison was needed in lieu of solving the three-dimensional structure. A 
demonstration of binding behavior combined with our knowledge of the primary sequences 
of the Tec family should be an effective indicator of the similarity between proteins. 
The SH3 domain of Itk was titrated with a twelve amino-acid peptide corresponding 
to its native ligand sequence (KNASKKPLPPTP). Comparison of spectra of the empty SH3 
domain to the fully titrated sample revealed chemical shift perturbations for many residues. 
All of the shifts were measured and the 15 most perturbed residues were mapped out onto the 
previously determined structure. Because prolines do not have a backbone amide bond, they 
do not evolve peaks in an HSQC spectrum. The binding surface of Itk SH3 contains P222. 
Because of its proximity to the ligand, it is also considered to be involved in binding and was 
included in the surface map. Figure 7 shows a clearly defined binding pocket where the 
ligand interacts with the surface of the protein. 
The SH3 domain of Rlk was also titrated with a twelve residue peptide matching the 
sequence of its native ligand (QPSKRKPLPPLP). Again, chemical shifts were observed and 
compared to cross-peaks of empty Rlk SH3. The extent of perturbation for each residue was 
compared to analogous residues in Itk as shown in the sequence alignment in Figure 8. The 
18 
Figure 7. The surface plot of Itk PrSH3 reveals the binding pocket. Titration of a native 
peptide ligand caused perturbation of several peaks in the HSQC of Itk SH3. Fifteen of the 
most perturbed residues were mapped in light green on the surface plot. The attached ligand 
clearly shows the location of the PXXP motif as well as the specificity residue (K) relative to 
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pattern of perturbation throughout the domain displays a clear homology in binding behavior. 
Although athree-dimensional structure of Rlk SH3 is not available, it is reasonable to 
assume that the two domains are similar because of primary sequence homology and parallel 
binding behavior of native peptide ligands. 
Analysis of Rlk PrSH3 binding behavior 
Protein fragments from the Tec family which include the N-terminal polyproline 
ligand in addition to the SH3 domain also exhibit chemical shift perturbation when compared 
to HSQC spectra of the respective SH3 domain alone. This is an indication that the binding 
pocket of the SH3 domain is occupied. Moreover, the extent of perturbation shows 
concentration dependence for some of the members, indicating that binding is intermolecular. 
Itk is, in fact, the only member whose native PrSH3 construct does not show concentration 
dependent binding. This is in full agreement with previously published reports that Itk 
PrSH3 exists as a monomer with its proline ligand intramolecularly bound (Andreotti et al. 
1997). Rlk, on the other hand, shows strong concentration dependent perturbations of 
chemical shifts of a large subset of its cross-peaks. This concentration dependence is a result 
of higher order structures being formed in solution. Line-widths that vary over the NMR 
concentration range indicate that Rlk PrSH3 exists in a monomer-dimer equilibrium as 
opposed to trimeric, tetrameric or some other oligomeric formation. Additionally, NMR 
diffusion data also suggests that the PrSH3 construct of Rlk forms dimers. The diffusion 
constant obtained for the monomeric Itk PrSH3 was 1.31 x 10.6 cm2/s while the value for Rlk 
PSH3 was 1.06 x 10.6 cm2/s. The ratio of the two diffusion constants is 0.81, a value which 
indicates a hydrodynamic size ratio of roughly 1:2. 
21 
Dissociation constants were extracted from measured chemical shift perturbations as 
observed by HSQC spectra taken at various total protein concentrations. The modeling 
methods used were developed by Laederach (2002). Figure 9 shows the described binding 
curve for a representative residue near the binding pocket of Rlk SH3. For the native PrSH3 
construct, a Kd of 0.3 06 ~ 0.05 mM was obtained. Importantly, this model extrapolates back 
to the chemical shift of empty SH3 at infinite dilution. This is a very significant observation, 
as it indicates that there is no detectable intramolecular interaction on the part of Rlk PrSH3. 
If an observable fraction of this protein did bind intramolecularly, we would expect to see the 
model extrapolate to a chemical shift at some fraction higher than that of empty SH3. At the 
other end of the concentration range, we can see that when compared to the chemical shift of 
the highest peptide titration point the PrSH3 domain for Rlk does not extrapolate to a fully 
occupie state. 
With our observations of Rlk PrSH3 we now know the binding behavior of each of 
the Tec family SH3 domains when expressed with their proline ligands. With a family of 
proteins so alike in primary sequence, it is an unexpected result to find that the members 
differ so significantly in binding behavior. Indeed, this very question has motivated us to 
explore the determinants that drive binding behavior in this class of proteins. 
Analysis of the monomer Itk PrSH3 
Previous reports conclude that the PrSH3 fragment of Itk behaves as an 
intramolecularly bound monomer (Andreotti et al. 1997). The construct that was studied 
contained the SH3 domain as well as the seven canonical residues making up the polyproline 
ligand. We have conducted similar studies with a fragment that includes the SH3 domain 
22 
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and the ligand of Itk, as well as five additional residues that make up the specificity region 
located at the amino terminus. To verify that our protein was a monomer, we analyzed one- 
dimensional slices of the HSQC spectra. Line-widths were observed ranging from 17.8 Hz to 
23.6 Hz. These measurements are consistent with monomeric protein line-widths. This 
construct was also scrutinized by analytical ultracentrifugation. Results indicated that the 
protein was monomeric over the observable range by this method (see Figure 14). 
Using the endpoints of the previously mentioned peptide titration for Itk SH3, we 
were able to show the fraction of occupied binding pockets in Itk PrSH3. Because this 
binding event is intramolecular and independent of concentration, we can use this data to 
assign a K value to the equilibrium. Figure 10 shows HSQC overlays of a representative 
residue to illustrate the two endpoints as well as the chemical shift of the native construct. 
The observed K value of 0.43 0.11 was assigned to this construct based on the average 
fraction of occupancy as measured by four residues in or around the binding surface. For this 
calculation the chemical shift of SH3 alone was used for an approximation of infinite dilution 
and the titration point of highest peptide concentration was used as an estimate of infinite 
concentration. Although this interaction has long been assumed to be relatively weak, until 
now no formal measurement had been made. 
Effect of linker length on intramolecular binding 
To begin testing the parameters that determine intra- versus intermolecular 
binding, we compared the primary sequences of the ligand regions of four of the Tec kinases. 
Figure 11 shows an alignment of this region. The most apparent detail in this Figure is that 
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Figure 10. A portion of superimposed spectra of Itk SH3 (black), Itk PrSH3 (green) and Itk 
SH3 fully titrated with the native peptide ligand KNASKKPLPPTP (red). The spectrum of 
Itk PrSH3 was collected at 0.94 mM. Strong shifts are apparent for several residues that 
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speculated that the addition of five residues in the linker region between the ligand and SH3 
domain might allow sufficient access and flexibility for an intramolecular contact whereas 
shorter linkers would limit ligand availability to the pocket. To test this hypothesis a mutant 
was constructed in which the five residues SFQEP were removed from the linker of Itk 
PrSH3 (ItkDEL). An overlay of HSQC spectra from this construct showed no concentration 
dependent variation in chemical shifts. The location of each peak, however, was slightly 
different in comparison to the wild-type construct. Figure 12 shows the dissimilarity of the 
chemical shifts of W208e in each of the proteins. As in the case of wild-type Itk PrSH3, four 
of the most altered peaks were used to determine a K value of 0.25 0.07 for ItkDEL. 
Effect of linker length on dimerization 
To test the effect of linker length on dimerization, we constructed a mutant of Rlk 
PrSH3 in which the five residues SFQEP were added to the linker (R1kADD). Like ItkDEL, 
this construct was tested over the observable NMR range of concentrations. The trend in 
binding behavior was very similar to the wild-type construct. Figure 13 shows the resultant 
binding curve for the mutant as well as the native protein. Clearly, binding affinity has not 
changed dramatically, yet R1kADD seems to have adopted a small percentage of 
intramolecular behavior. Although more data are needed to establish an accurate constant for 
this equilibrium, an estimated value of 0.12 has been calculated using an approximation of 













Figure 12. Overlaid spectra of W208e from Itk SH3 (black), Itk PrSH3 at 0.94 mM (red), 
ItkDEL at 0.98 mM (green), and Itk SH3 fully titrated with it s native peptide ligand (blue). 
These peaks show shifting patterns representative of the entire set of spectra. Using four of 





0.1 0.3 0.5 0.7 




Figure 13. The binding curve of R1kADD shows the intramolecular interaction introduced 
into the system by the addition of five residues in the linker region. The Kd for this construct 
is slightly diminished to 0.5 7— 0.3 from the native construct, resulting in a slightly different 
shape. 
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Analysis of the role of ligand amity in dimerization 
The observation of a 300 µM Kd in Rlk PrSH3 prompted us to make a comparison 
of the affinities of Itk and Rlk ligand interactions. We knew that the affinity of the Itk ligand 
for its SH3 domain was relatively weak in comparison to that of Rlk. This, along with the 
discovery that linker length did not appear to be a major driving force in binding behavior, 
prompted us to test ligand affinity as one possible mediator in binding events. Previous work 
on peptide libraries for Itk SH3 yielded a ligand with extremely high affinity for its binding 
partner (Bunnell et al. 1996). The Kd for this interaction is, in fact, so low that it could not 
be measured by traditional fluorescence techniques. We opted to use it irregardless of the 
lack of a known Kd because of the convenience of having such an extreme system. We also 
chose this system over one which might have been engineered with a low affinity Rlk ligand 
simply because of the difficulties involved in screening peptides with little or no binding 
capability. A mutant was constructed in which the ligand was replaced with the high affinity 
sequence GWYSKPPPPIP (ItkHiAffl. After the protein was expressed and purified, HSQC 
spectra were collected over a range of concentrations and overlaid. A peptide with the 
sequence GWYSKPPPPIP was titrated into a fixed concentration of Itk SH3, and HSQC 
spectra were taken for comparison. Superimposed spectra of ItkHiAff showed no significant 
concentration dependent perturbations of chemical shifts. In comparison to Itk SH3, 
however, the high affinity mutant appears to have a ligand in its binding pocket. Also, 
comparison of chemical shifts with those of the fully titrated Itk SH3 (HiAff peptide) indicate 
that the dimer is completely occupied. Line-widths indicate that the protein forms higher 
order structures over the entire range of NMR concentrations. While peaks were broadened 
in all of the spectra taken, there was no change in line-widths as a function of concentration. 
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In an attempt to find a low Kd for the mutant, analytical ultracentrifugation experiments were 
designed. Figure 14 shows preliminary data of ItkHiAff for average molecular weight in 
solution as a function of concentration in the micromolar range. The monomeric Itk PrSH3 
construct was used as a control. The data collected indicates that a higher order structure is 
formed and that the equilibrium has a Kd in the low micromolar range. Additional data. will 
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Figure 14. Analytical ultracentrifugation data shows Itk PrSH3 (blue) as a monomer with an 
apparent molecular weight of ~12 kDa. Preliminary data for ItkHiAff (magenta) seems to 
indicate a pattern of dimerization with a low µM Kd. Additional data. points are required to 
properly fit the curve. 
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DISCUSION 
We have explored the SH3 domains of four of the Tec family kinases. Prior to this 
work the structure or binding behavior of Rlk SH3 had not been investigated. We have made 
an important contribution by assigning HSQC chemical shift resonances to backbone amide 
bonds of the SH3 domain of Rlk. Future researchers will have the advantage of knowing the 
chemical shifts of most residues in the SH3 domain for many types of NMR experiments. 
The fact that Rlk PrSH3 forms dimers in solution is also a significant finding. 
Because the primary sequences of the PrSH3 constructs of Rlk and Itk are so alike, this 
intermolecular interaction was somewhat unexpected. In both Tec and Btk, constructs have 
been expressed in which the most N-terminal ligand is either removed or rendered inactive 
by mutation of the key prolines. In both cases, the C-terminal ligands do not bind 
intramolecularly (Laederach et al. 2002; Pursglove et al. 2002). If a comparison of Rlk 
PrSH3 is made to either of these types of mutants, they exhibit a parallel behavior. This 
raises the question of Itk: why does it behave differently than all of the other Tec members? 
Our search for an explanation to this puzzle led us first to look into the mechanical 
characteristics of the domain. By altering the length of the linker we were able to probe the 
requirements of ligand accessibility for the binding pocket. One might expect that if the 
linker is long enough, the ligand will prefer an intramolecular attachment simply because of 
the high local concentration associated with having a ligand and receptor in the same 
polypeptide. Our data demonstrate that this is true, but to a very limited extent in the cases of 
ItkDEL and R1kADD. Of course, if the linker was shortened to the extreme of ligand 
inaccessibility to the pocket, intramolecular binding would be reduced to zero. It could be 
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assumed that with every residue added to the linker beyond this point the fraction of 
occupied pockets should increase in a predictable manner to some limit. This would make an 
interesting titration in the context of the entire enzyme in a cellular assay because it would 
give an indication of the importance of SH3 binding on kinase activity. It might also indicate 
whether SH3 interactions are responsible for negative or positive regulation of the given 
enzyme. 
In the case of R1kADD the addition of eve residues to the linker caused some 
intramolecular behavior. Even though the ligand was able to sample its pocket, the 
preference for binding continued to be the intermolecular configuration. This finding clearly 
implicates some factor other than ligand accessibility in the partiality of one binding 
configuration over another. 
A hint of correlation between ligand affinity and binding conformation led us to take 
the idea to an extreme. The ItkHiAff construct was forced into a higher order configuration 
with a low micromolar dissociation constant. This data suggests a model in which ligand 
affinity is the predominant factor mediating dimerization. we noticed also that the 
occupancy of the system approaches one hundred percent. It is not clear whether occupancy 
is an attribute that is dependent upon affinity. It is feasible that other energetic thresholds 
may be overcome by extreme ligand attraction for its receptor. Additional factors which 
could have been masked in our experiments that are unrelated to the ligand could possibly 
have a role in determining the interactive behavior of native constructs. Our demonstration 
of affinity driven dimerization is a pertinent result. However for a full understanding of the 
system, a set of mutants containing a complete range of ligand affinities should be tested. 
34 
Additional insights might be gained into this system by careful consideration of the 
primary sequence alignments of the ligand and linker regions. As previously mentioned, Btk 
and Tec both have two ligands in their sequences while Rlk and Itk only have one. Based on 
the discussions above, the question of where the one polyproline motif of Itk should be 
aligned becomes enormously relevant. It seems relatively well established that the ligand of 
Rlk should align with the most C-terminal ligands of Btk and Tec (see Figure 11). This 
position not only agrees in sequence homology but also in binding behavior. Itk, on the other 
hand, behaves at least in part like an N-terminal ligand of Btk or Tec. This binding tendency, 
along with the fact that Itk has the longest linker in the family, are tantalizing suggestions 
that Itk may have once had a pair of polyproline ligands. 
Interest in the Tec family system stems from the surprising differences among 
binding associations. Commonly, related enzymes use subtle distinctions to separate 
functionality between members. While the primary sequence differences of Tec SH3 
domains are minimal, the behavior of the members is quite diverse. It still remains to be seen 
whether or not the different binding modes of Tec family SH3 domains are relevant in actual 
signaling systems. Much more investigation is needed in the context of active enzymes with 
their upstream and downstream signaling partners. Here, we are laying the groundwork at a 
structural level to better understand the parameters that might be involved in binding events 
of the holoenzyme. 
35 
SUMMARY 
Prior to this study, nothing was known concerning the properties of Rlk SH3. We 
have collected and analyzed HSQC data and made an important advance by assigning 
backbone and side-chain resonances to the two-dimensional spectrum. We have also 
demonstrated through a combination of sequence and binding behavior similarities that the 
SH3 domain of Rlk is structurally similar to those of other family members. 
Binding modes of SH3 domains are, for the most part, unique among Tec family 
members. This work completes our knowledge of the gross anatomy of binding 
conformations of Tec SH3 domains expressed with their native proline ligands. Of the four 
Tec kinases that have an SH3 domain and at least one ligand, only Btk and Tec exhibit 
similar binding modes. This conformational variety among similar proteins may be relevant 
to unique regulatory interactions within cells. 
SH3 domains from Tec kinases are believed to play important roles in the control of 
enzymatlC actlVlty. While the exact mechanisms of regulation remain unclear, we have 
begun to probe into the behavior of each individual domain. Even though the sequences and 
structures of the SH3 domain from each family member are similar, their binding behaviors 
are diverse. We have taken the first step in understanding the characteristics that make the 
protein fragments perform differently. This study has isolated ligand affinity and linker 
length as two factors that play a role in determining the mode of protein interaction in Tec 
SH3 domains. Other structural and physical aspects will likely be found to make significant 
contributions to the behavior of these protein fragments. Our findings, together with future 
discoveries, will aid investigations into the enzymatic regulation of Tec kinases. 
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METHODS 
Protein expression and puri ication 
DNA inserts encoding the SH3 domains from each Tec kinase were amplified by 
PCR and cloned into the Bam HI and Eco RI restriction sites of pGex-2T expression vectors. 
Proteins were expressed with glutathione-S-transferase (GST) fusion tags for affinity 
purification. N-terminal boundaries of Rlk constructs were residues 81 and 61 for SH3 and 
PrSH3, respectively. Both fragments were designed with A143 as their C-termini. Protein 
fragments of Itk contained amino-terminal residues at 145 and 171 for PrSH3 and SH3, 
respectively. The C-terminus of all Itk constructs was N232. R1kADD, ItkDEL and 
ItkHiAff were constructed using the aforementioned vectors as templates with mutated 
primers where appropriate. 
Expression and purification of fusion proteins was carried out as previously described 
(Brazin et al. 2000). All proteins were expressed in 15N labeled minimal media with the 
exception of samples used in analytical ultracentrifugation. All proteins were purified in 5 0 
mM sodium phosphate buffer, 75 mM sodium chloride (pH 7.4), 2 mM DTT, and 0.02% 
sodium azide. Samples were stored at 5° C. 
NMR spectroscopy 
All NMR spectra were acquired on a Bruker DRX500 spectrometer operating at'H 
frequency of 499.867 MHz. HSQC spectra were collected using a Bruker Smm 1H/13C/15N 
triple resonance probe with X, Y and Z gradients. Diffusion experiments were run using a 
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Nalorac Smm BB-proton probe with Z gradients. Gradient enhanced HSQC experiments 
with water suppression by WATERGATE were used for all 1H- 15N correlation spectra. 
Three-dimensional NOESY and TOCSY spectra are described elsewhere (Cavanagh et al. 
1996) and were both run with 150 ms mixing times. 
NMR diffusion data was collected and processed as described (Brazin et al. 2000). 
Analytical ultracentrifugation 
Equilibrium sedimentation experiments were conducted using a Beckman Optima 
XL-A ultracentrifuge. Three six-chambered equilibrium cells were used in a Beckman an60-
ti four place rotor. Itk PrSH3 and ItkHiAff samples for sedimentation experiments were 
expressed in LB media and purified as described for NMR samples. These proteins were 
never concentrated above 100 _M to avoid possible aggregation. Samples at each 
concentration were sedimented at 25,000 and 28,000 rpm for 15 hours before acquisition of 
data points. Data was collected at 25° C and 280 nm. Stepwise radial scans were executed 
and each point was an average of 90 readings with a nominal spacing of 0.001 cm between 
radial positions. The average molecular weight of all species in solution at a given 
concentration was calculated using Origin-Multifit software. 
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